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PREFACE 


This  paper  presents  results  of  a  pilot  study  on  stress  distribu¬ 
tion  conducted  in  connection  with  the  vehicle  mobility  research  program 
authorized  by  the  Office,  Chief  of  Engineers,  for  fiscal  year  1956* 
Personnel  of  the  Waterways  Experiment  Station  actively  engaged 
in  the  study  were  Messrs.  W.  J.  Turnbull,  C.  R.  Foster,  A.  A.  Maxwell, 
S.  J.  Knight,  R.  G.  Ahlvin,  A.  B.  Thompson,  and  M.  D.  Beasley.  This 
paper  was  written  by  Mr.  Thompson. 
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SUMMARY 


A  pilot  study  was  conducted  to  determine  whether  static  and  dy¬ 
namic  stresses  induced  in  fairly  soft  soils  by  a  pneumatic  tire  could 
be  measured  satisfactorily  with  the  WES  earth  pressure  cell.  The  study 
showed  that  the  measurements  were  of  the  same  order  of  consistency  and 
accuracy  as  measurements  made  with  the  WES  cell  under  static  loads  in 
firmer  soils.  Experience  in  placement  of  pressure  cells  and  other  test 
'techniques  was  gained  which  will  be  valuable  In  future  tests  of  this 
general  nature.  Preliminsry  observations  were  made  of  the  effect  of 
tire  presoure,  speed  of  truck,  and  repetitive  passes  on  stresses  in¬ 
duced  at  various  depths.  A  limited  study  was  performed  to  compare  meas¬ 
ured  stresses  with  stresses  computed  according  to  Bousslnesq's  equations. 
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STRESSES  ORDER  MOVING  VEHICLES 
r 

A  PHOT  8TUPY  or  WES  EARTH  PRESSURE  CELL  ACTION  IN 
^  COMPARATIVELY  SOFT  SOIL 

i 
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*  PART  I:  INTRODUCTION 

**  • 

1*  This  paper  describes  a  pilot  study  made  to  determine  whether 
static  and  dynamic  stresses  set  up  in  fairly  soft  soils  by  pneumatic 
tires  can  be  measured  satisfactorily  with  the  WES  earth  pressure  cell  and 
J  incidentally  to  develop  techniques  of  testing  and  data  collection. 

2.  The  study  consisted  of  (a)  construction  of  a  test  lane  of  fat 
jfclay  (locally  termed  buckshot  clay)  in  which  WES  earth  pressure  lls 
were  placed  at  various  depths  and  offsets;  (b)  application  of  traffic 
with  a  self-propelled  2-1/2 -ton  truck  loaded  to  17,400  lb  gross  weight, 
and  having  tire  pressures  of  15,  50,  and  60  psi;  and  (c)  measurement  of 
■tresses  under  static  and  dynamic  loads,  and  determinations  of  soil  con-* 
ditlons  before  and  during  the  tests. 
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PART  II:  TEST  AREA  AND  EQUIPMENT 


Test  Area 


Layout 

3*  The  test  area,  constructed  under  a  shelter  on  the  Waterway., 
Experiment  Station  reservation  in  a  north-south  direction,  was  10  ft 
wide  by  30  ft  long  and  was  divided  into  three  10-ft-square  sections. 

Two  parallel  lines,  one  4  ft  from  the  east  edge  of  the  area  and  the  other 
3  ft  from  the  west  edge,  were  staked  out  as  "cehter  lines"  for  the  pres¬ 
sure  cell  installations.  Plate  1  showB  the  layout  of  the  test  area 
(section  3  contained  no  pressure  cells). 

Method  of  construction 

4.  The  test  area  was  first  excavated  to  3  ft  below  the  natural 
ground  elevation  and  then  backfilled  with  selected  soil  in  6-in.  lifts. 
Each  lift  was  brought  to  the  proper  water  content,  mixed,  and  compacted 
with  a  50-ton  pneumatic -tired  roller  to  achieve  a  uniform  CHR  of  about 

5  per  cent  throughout  the  3 “ft  depth. 

Soil 

5.  The  soil  used  was  a  fat  clay  classified  as  CH  under  the  Uni¬ 
fied  Soil  Classification  System.  Classification  data  for  this  material 
are  shown  on  plate  2. 


Pressure  Cells 


Description 

6.  The  pressure  cells  used  were  the  WES  earth  pressure,  four -gage 
type.  These  cells  are  6  in.  in  diameter  and  are  fabricated  from  stain¬ 
less  steel.  They  contain  a  mercury-filled  fluid  chamber  with  diaphragm, 
and  a  full  Wheatstone  bridge  circuit  made  up  of  four  SR-4  electricsLl 
resistance  strain  gages  hermetically  sealed  within  the  cell.  Details  of 
the  cell  are  shown  on  fig.  1  and  plates  3  and  4.  Pressure  applied  on  the 


Fig.  1.  Waterways  Experiment  Station  earth  pressure  cell 


face  plate  of  the  cell  is  transmitted  through  the  mercury  In  the  fluid 
chamber  onto  an  Internal  flexible  diaphragm  and  produces  deflection  of 
the  diaphragm  proportional  to  the  load.  The  four  SR-4  strain  gages  are 
mounted  on  the  diaphragm  and  are  actuated  as  the  diaphragm  bends.  The 
use  of  the  full  Wheatstone  bridge  circuit  practically  eliminates  the 
effects  of  temperature  and  of  resistance  variations  in  the  lead-in 
vires.  The  strain  gage  readings  are  calibrated  against  the  load  on  the 
face  plate  of  the  cell.  A  60-microinch  movement  of  the  SR-4  strain 
gage  corresponds  to  a  1-psi  load  on  the  face  plate  of  the  cell.  The 
strain  is  measured  by  an  electrical  strain  indicator  connected  to  the 
cell.  For  these  tests,  readings  on  the  cells  vert  made  through  the 
strain  indicator,  aid  recorded  directly  in  pounds  per  square  inch  on  a 
Brush  multichannel  recorder  (see  fig.  2).  The  cells  used  are  rated  at 
50-psi  maximum  capacity,  but  have  a  safety  factor  of  nearly  2. 


Fig.  2.  Recording  instruments  used  in  the  study 

Calibration  %> 

7.  Each  cell  was  carefully  calibrated  prior  to  installation  by  ap¬ 
plication  of  a  series  of  accurately  measured  loeds  in  a  specially  designed 
chamber.  The  chamber  was  arranged  so  that  air  pressure  acted  against  each 
of  two  thin  rubber  diaphragms  between  which  the  pressure  cell  was  placed. 
The  calibration  curves  were  used  to  convert  readings  from  microinches  per 
inch  strain  of  the  SR-4  strain  gages  on  the  pressure  cell  diaphragm  to 
pounds  per  square  inch  pressure  on  the  cell. 

Installation 

8.  After  the  test  section  was  constructed,  two  series  of  cells  were 
installed  in  the 1  subgrade :  one  in  Dection  2  at  a  depth  of  6  in.,  and  the 
other  in  section  1  at  3-  and  9-in.  depths.  Also,  one  cell  (No.  9*0  was 
Installed  at  the  ground  surface  in  the  unused  portion  of  section  1  to 
measure  surface  pressures  produced  by  the  wheels  of  the  test  vehicle.  The 
installation  procedure  consisted  of  locating  the  station  at  which  the  cells 


Mr*  to  be  Installed;  digging  a  hole  approximately  7  in.  in  diameter  (l  in. 
greater  than  the  cell)  to  the  required  depth;  placing  the  cell  in  a  hori- 
sontal  position  at  the  required,  depth,  then  replacing  the  soil,  and  com¬ 
pacting  it  to  the  strength  of  the  surrounding  soil.  Fig.  3  shows  the  cells 
in  the  holes  prior  to  replacement  of  the  soil. 


Location 

9*  The  series  or  line  of  cells  located  at  the  6-in.  depth  in  sec¬ 
tion  2  was  Installed  as  shown  on  plate  1;  three  cells  were  placed  approx¬ 
imately  3  ft  apart  in  a  line  (called  center  line  hereafter)  and  two  cells 
were  placed  at  6-  and  12-in.  offsets,  respectively,  from  the  center  line. 
The  offset  cells  were  placed  on  1-ft  centers  from  cell  2  to  determine  if 
close  installation  affects  cell  readings.  These  cells  were  designated  as 
the  first  series. 

10.  The  center  line  for  the  second  series  was  3  it  from  the  west  or 
left  edge  of  section  1  (see  plate  1).  The  3 -in. -dept  i  cells  were  installed 
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first;  cell  1  was  located  on  the  center  line  and  cells  2  and  3  were 

located  at  3-  and  6-in.  offsets,  respectively,  from  the  center  line  and 
•  * 

1  ft  apart  treasured'  along  the  line.  The  first  9-in. -deep  cell  (No.  4) 

« 

was  placed  on  the  center  line;  cells  5  and  6  were  installed  at  9-in. 
depths  at  6-  and  I2<*in.  offsets,  respectively,  and  1  ft  apart  measured 
along  the  center. line/ 


Test  Vehicle 


11.  The  test  vehicle  was  a  ?-l/2-ton,  6x6  truck  (M135)  equipped 
3»  with  single  tandem  wheels  and.  1.1.00x20,  12-ply  rating  tires.  Normally, 
the  rear  wheels  of  the  M135  are  ir.set  2-1/2  in.  from  the  front  wheels. 
Since  it  was  desired  that  all  the  wheels  on  one  Bide  of  the  truck  track 
each  other,  2-l/2-in.  spacer  blocks  were  placed  on  an  rear  wheels.  .The 
arrangement  of  the  wheels  of  the  truck  and  the  approximate  load  per  wheel 
are  shown  on  fig.  4.  The  truck  was  loaded  with  a  5000 -lb  load  distributed 


Fig.  4.  Arrangement  of  wheels  of  test  vehicle  and  load  per  wheel 


as  equally  as  possible  over  the  bed  of  the  truck.  After  loading,  each 
set  of  wheels  was  weighed  and  the  total  load  (17,400  lb)  determined. 

The  weight  on  the  front  wheels  and  front  tandem  wheels  was  approximately 
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5600  lb  per  set  or  an  average  of 
2000  lb  per  wheel,  whereas  that  on 
the  rear  tandem  wheels  was  6200  lb 
or  an  average  of  310b  lb  per  vbeel 
Teats  were  run  at  15-,  50-,  and 
60-pel  inflation  pressures,  which 
correspond  to  average  contact 
pressures  on  a  firm  surface  of  30, 
5 0,  an£_53  pai,  renpectively,  ob- 
talned  by  dividing  the  total  ve¬ 
hicle  weight  (17,400  lb)  by  the 

TS 

total  gross  area  of  the  tires  in 
contact  with  the  surface  at  the 
respective  inflatlor  pressures. 
Average  contact  pressures  for  15- 
and  50-pei  tire  pressures  were 
also  computed  using  only  the  total 
area  of  tread  rubber  in  contact 
with  a  firm  surface.  These  were 
50  and  84  pel,  respectively. 

12.  Sketches  of  the  tire 
prints  at  15-,  50-,  and  60-psi 
inflation  pressures,  gross  load 
17,400  lb,  on  a  hard  surface,  are 
shown  on  fig.  5*  ' 


TOTAL  TIME  MINT  AMAp  »7tO*  M  IN. 
AVCNAU  CONTACT  Nf'VAt*  *0.1  Ml 


X  J*. 


TOTAL  TIM  MINT  AKA.14U1  SO  Ml 
avousk  contact  muun.  so.4  pm 


TOTAL  TIM  PRIN  f  MA>327  H  SO  IK 

Mouse  contact  pmssum>  sio  psi 


noth  ntuM  wthm  -ran  pnht  . 

II  I  «A  HUM 

Fig.  5*  Dimensions  of  tire  prints  and 
contact  pressures  of  tires  at  infla¬ 
tion  pressures  of  15,  50,  and  60  psi 
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Fig.  6.  Guide  channel  with  truck  In  position  to  begin  a  pass 


so  that  alignment  of  the  wheels  over  the  cells  could  be  maintained.  The 
channel  was  so  constructed  that  it  could  be  noved  to  any  required  offset 
from  the  center  line  of  cells.  The  first  pass  or  application  of  load  was 
usually  made  over  the  center  line  of  cells ;  then  the  channel  was  offset 
and  the  next  pass  was  made.  With  this  method,  load  was  applied  directly 
over  some  cells  and  at  offsets  of  3 >  9>  and  12  in.  from  other  cells, 

depending  upon  the  cell  location. 

l4.  Microswitches  were  mounted  on  a  rail  along  the  guide  channel 
and  a  marking  device  to  actuate  these  switches  was  mounted  on  the  front 


PART  III :  TEST  PROCEDURES 
Traffic  Application 


13.  Traffic  was  applied  over  the  cells  with  the  truck  in  forward 
motion  and  all  wheels  driving  in  low  gear,  low  range.  Only  one  line  of 
wheels  was  used  to  apply  the  load;  the  other  line  of  wheels  was  run  in  a 
guide  channel  (see  fig.  6),  constructed  to  the  same  width  as  the  tire. 


m-  -  *<'M»»w"*lw».-,»v.f«*,^«4-  H  *u.< 


1 »»..  »«*’ 
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bumper  of  the  teat  vehicle  In  order  that  the  truck  speed  and  position 
could  be  determined  at  any  time  during  a  pass.  As  the  truck  moved  for¬ 
ward  the  device  wi  moved  along  the  rail  and  when  it  came  in  contact 
with  the  switch  a  mark  was  automatically  made  on  the  recording  chart. 
Microsvltchea  were  so  placed  that  a  mark  was  made  at  the  Instant  the 
center  of  the  front  wheel  (and  later,  the  rear  tandem)  was  ever  the 
center  of  a  cell.  See  plate  5*  Fig*  7  is  a  close-up  of  the  channel, 
micros  Witch,  ind  marker  device.  With  the  position  of  the  micros  witches, 
the  location  of  the  marker  with  respect  to  the  truck  wheels,  the  location 

V 

of  the  cells,  and  the  speed  of  the  paper  on  the  recording  chart  known, 
the  truck  speed  and  location  at  any  time  could  be  determined. 


Tig.  7*  Close-up  of  guide  channel,  microsvltch,  and  marker 


Static  load  Tests 


First  cell  series 


15*  Dynamic  loads  under  a  15-psi  tire  pressure  were  first  deter 
mined  oa-the  cells  at  the  6-in.  depth.  At  vehicle  speeds  ranging  from 
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1  to  4  mpL  (maintenance  of  a  constant  rate  at  low  speeds  was  difficult), 
a  pass  was  applied  along  the  center  line  and  at  offsets  of  18,  6,  24,  and 
12  in.  in  the  order  mentioned.  The  next  eight  passes  were  along  the 
center  line  and  were  followed  by  a  repetition  of  the  pattern  of  the  first 
five  passes.  Thus,  ten  passes  were  made  directly  over  the  cells  on  the 
center  line,  two  over  each  of  the  6-  and  12-in.  offset  cells,  and  four 
passes  were  not  directly  over  any  of  the  cells. 

16.  Dynamic  loads  under  a  60-psi  tire  pressure  were  then  deter¬ 
mined  for  the  first  series  of  cells.  One  pass  was  applied  along  the 
center  line  and  at  offsets  of  12  and  6  in.  in  the  order  mentioned;  then 
eight  passes  were  applied  along  the  center  line,  followed  by  three  passes 
at  12-  and  6-in.  offsets,  respectively. 

1J.  Upon  completion  of  the  dynamic  testing,  the  static  load  under 
the  front  wheel  only  at  15-psi  tire  pressure  was  measured  directly  over 
cell  5  (6-in.  depth),  because  this  cell  (and  cell  4)  had  received  the 
least  amount  of  traffic.  Three  measurements  of  the  load  were  made. 

18.  One  static  load  and  three  dynamic  loads  at  15  psi  were  applied 
to  the  cell  at  the  0-in.  depth  (cell  94)  in  section  1  (see  paragraph  8), 
followed  by  one  static  j.oad  and  six  dynamic  loads  at  50  psi*  A  50 -psi 
tire  pressure  instead  of  60  psi  was  used  for  this  test  so  as  not  to  ex¬ 
ceed  the  rated  capacity  of  the  cell. 

Second  cell  series 

19*  Static  loads  under  the  front,  front  tandem,  and  rear  tandem 
wheels  of  the  truck  were  measured  with  the  wheels  directly  over  cells  1 
and  3  (3-in.  depth)  and  cells  4  and  5  (9-in.  depth)  of  the  second  series, 
first  at  15-psi  then  at  60-psi  tire  pressure. 

20.  Sixteen  dynamic  stress  tests  were  then  run  on  the  3-  and  9-in. - 
deep  cells  with  a  15-psi  tire  pressure.  A  pass  was  made  along  the  center 
line  and  at  offsets  of  3,  6,  9>  12,  and  18  in.,  at  vehicle  speeds  ranging 
between  1  and  4  mph. 

21.  Static  load  tests  for  60-psi  tire  pressure  only  were  repeated 
to  determine  if  the  traffic  described  in  paragraph  20  had  had  any  effect 
on  the  stresses.  Only  small  differences  in  results  were  indicated  as 
shown  in  the  table  in  paragraph  2$, 


22*  The  final  tests  consisted  of  15  dynamic  loadings  of  both  the 
3-  end  9 “in*  -deep  cells  along  the  center  line  and  at  offsets  of  3;  6,  9 
12,  and  18  ii.  vith  a  tire  pressure  of  60  psi. 


Soil  Tests 

23*  Ifeter  content,  density,  CBR,  cone  index,  and  unconflned  com¬ 
pression  tests  were  conducted  during  construction  and  at  various  inter¬ 
vals  during  the  traffic  testing.  Results  of  these  tests  sure  shown  in 
table  1. 

24*  The  depth  of  rutting  throughout  the  entire  test  program  was 
negligible,  as  can  be  seen  on  fig.  8. 


Fig.  8.  Section  after  traffic 


PART  IV :  ANALYSIS 


25 •  The  primary  objective  of  the  tests  and  of  this  analysis  was 
to  determine  whether  the  WES  earth  pressure  cell  can  be  used  to  measure 
satisfactorily  the  vertical  Joads  produced  by  a  rolling  pneumatic  tire 
at  various  depths  and  offsets  in  a  comparatively  soft,  wet,  cohesive 
soil.  The  majority  of  the  extensive  WES  experience  in  pressure  distribu¬ 
tion  measurements  has  been  with  static  loads  and  in  firm  soils.  This  ex¬ 
perience  showed  the  WES  earth  pressure  cell  to  be  a  satisfactory  instru¬ 
ment  and  one  which  yields  results  as  good  as  those  of  any  other  pressure 
cells  used  to  date.  If  this  cell  will  also  yield  results  under  moving 
loads  in  soft  soils  that  are  comparable  to  results  obtained  in  previous 
studies  of  static  loads  in  firm  soils,  then  use  of  the  WES  earth  pres¬ 
sure  cell  for  future  work  under  the  former  conditions  would  be  reasonable 


Consistency  of  Reading 


26.  One  means  of  Judging  whether  the  pressure  cells  appear  ade¬ 
quate  to  measure  pressures  induced  in  soft  soils  by  moving  loads  is  to 
examine  the  consistency  of  their  readings  under  test  conditions  as  nearly 
identical  as  it  is  possible  to  make  them.  It  must  first  be  realized  that 
the  measurement  of  soil  pressures  has  been  found  very  difficult,  and  that 
accuracies  within  about  +10  per  cent  for  static  loadings  are  usually  con¬ 
sidered  quite  good.  The  following  table  shows  pressure  cell  readings 
that  were  made  during  the  first  pass  of  the  test  vehicle  at  slow  speed 
(1-4  mph)  directly  over  "three  cells  at  6-in.  depth,  tw  cells  at  3-in. 
depth,  and  two  cells  at  9-in.  depth  in  the  test  section. 

27.  Examination  of  the  table  showB  that  the  measurements  are  rea¬ 
sonable  in  magnitude  and  indicate  a  generally  good  pattern.  Deviations 
greater  than  10  per  cent  occur  in  only  a  few  cases,  and  the  largest  de¬ 
viation  is  only  14.3  per  cent  (for  the  front  tandem  at  60  pei).  The 
pressure  cells  were  recalibrated  after  the  tests,  and  residual  stresses 
examined  in  an  effort  to  further  improve  the  consistency,  but  without 
notable  gain.  It  was  further  noted  that  the  same  cell  (the  first  one) 
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read  consistently  lower  than  the  other  cell(s)  under  the  same  test  condi¬ 
tions.  It  was  concluded  that  the  consistency  of  readings  made  with  WES 
earth  pressure  cells  under  moving  loads  was  of  about  the  same  order  as 
that  of  the  same  cells  under  static  loads  as  determined  in  previous  WES 
studies  and  described  in  TM  No.  3-323,  Investigations  of  Pre satires  and  De¬ 
flections  for  Flexible  Pavements;  Report  No.  Homogeneous  Sand  Test 
Section,  December  1954. 

Effect  of  Close  Proximity  of  Cells 

28.  The  effect  of  close  proximity  of  cells  on  cell  readings  was 
checked  in  the  first  series  of  tests.  Cells  2,  4,  and  5  were  placed  on 
1-ft  centers  whereaB  cells  1  and  3  were  spaced  about  3  ft  In  front  of 
and  behind  cell  2,  respectively,  on  the  center  line.  When  loads  were 
applied  directly  over  the  center  line  cells,  no  difference  was  noted  in 
the  readings  of  cells  1,  2,  and  3  attributable  to  the  propinquity  of 
cells  4  and  5  to  cell  2.  It  was  concluded  that  spacings  as  small  as  1 
ft  center  to  center  have  no  adverse  effect  on  registration.  Eased  on 
these  results,  the  cells  for  the  second  series  of  tests  were  spaced 
relatively  close  together  to  reduce  the  area  required  for  the  tests. 

Comparison  of  Stresses  under  Static  and  Dynamic  Loads 

29«  A  comparison  of  stresses  for  the  cases  in  which  the  static 
and  dynamic  loads  were  applied  directly  over  the  same  cells  is  shown  in 
the  tabulation  on  the  following  page.  This  comparison  showB  stresses  in¬ 
duced  by  the  dynamic  loads  to  be  generally  higher  than  those  under  static 
loads.  Airfield  studies  show  that  moving  loads  produce  lower  stresses 
in  pavements  and  subgrades  than  do  stationary  loads.*  This  appears  to 
conflict  with  the  data  tabulated  below;  however,  th^se  coving  aircraft 


*  Accelerated  Traffic  Test  at  .Stockton  Airfield,  Stockton,  California 
(Stockton  Test  Wo.  2),  Appendix  D,  Analysis  of  Pressure  Readings. 
Prepared  by  0»  J.  Porter  and  Co.,  Consulting  Engineers,  Sacramento, 
California,  May  1948. 


Slow -Bovina  Load*  7er«u»  Static  loads 
toy-la  Directly  orar  CelLi 


St  re  8i  under  Slow- 


■oving,  Dymalc  Difference 

Tire  Street  under  Static  Load,  pel  (Truck  (Parmaic  Mlaut  Static) 


inflation 

Call 

Lend,  pi 

li 

Speed  of  1-* 

Bph) 

frront  Front 

Rear 

Jmeaure 

can 

Depth 

Trent 

front 

Jtear 

Front 

Front 

Wheal 

Tda 

Ida 

_ Ml . - 

Wo. 

in. 

towel 

Mb 

Mb 

towel 

Mb 

Mb 

2*i_ 

X 

Ki. 

X  El. 

X 

*  * 

9* 

0 

28.0 

26.0 

27.0 

30.0 

28.0 

28.^ 

2.0 

7 

2.0 

6 

1.0 

* 

l 

3 

25.0 

19.0 

22.5 

26.7 

22.8 

2*. 5 

1.7 

7 

3-8 

20 

2.0 

? 

3 

3 

29.0 

25.0 

27.2 

28.5 

25.6 

26.2 

-0.5 

-2 

0.6 

2 

-1.0 

-* 

Avg  3 

27.0 

22.0 

2*. 8 

27.6 

2*.  2 

25.2 

0.6 

2 

2.2 

10 

0.4 

2 

6 

23.3 

— — 

.... 

2*.l 

20.7 

23.* 

0.8 

3 

— 

— 

— 

— 

* 

9 

12.0 

11.5 

13.5 

15.* 

13.3 

1*.2 

3.* 

26 

1.8 

16 

0.7 

5 

3 

9 

15.0 

13.5 

1*.8 

16.1 

15.3 

15.8 

1.1 

7 

1.8 

13 

1.0 

7 

F* 

Avg  9 

13.5 

12.5 

l*.l 

15.7 

1*«3 

15.0 

2.2 

16 

1.8 

1* 

0.9 

6 

J  % 

9* 

0 

56.0 

5*.0 

t 

56.0 

63.5 

55.8 

57.5 

7.5 

13 

1.8 

3 

1-5 

J 

60 

1 

3 

.... 

36.0 

32.0 

1 

3 

38.0» 

36.0* 

39-0* 

Avg  1 

38.0 

36.0 

35*5 

39.9 

33.1 

*0.5 

1.9 

5 

-2.9 

-8 

5.0 

1* 

* 

:  V_ 

3 

3' 

*7.0 

*3.0 

*3.0 

3 

3 

*2.0* 

38.0* 

*1.0* 

Avg  3 

**•5 

*0.5 

*2.0 

*7.0 

38.0 

*5.5 

2.5 

6. 

-2.5 

-6 

3.5 

8 

.  ■ 

Avg  3 

*1.2 

38.2 

38.6 

*3.* 

35.5 

*3.0 

2.2 

5 

-2.7 

-7 

*.2 

:i 

6 

mm  mm 

— — 

— - 

26.6 

25.7 

26.5 

mmm 

mm 

mmm 

— 

— 

— 

A 

9 

18.5 

15.0 

16.0 

* 

9 

18.5* 

15.0* 

lfl.O* 

* 

Avg  * 

18.5 

15.0 

17.0 

21.1 

16.7 

1B.7 

2.6 

1* 

1.7 

11 

1.7 

10 

'* 

5 

9 

18.5 

18.5 

19.0 

5 

9 

18.0* 

16.5* 

17.0* 

Avg  5 

18.2 

17.5 

18.0 

22.5 

20.2 

21.8 

*.3 

2* 

2.7 

15 

3.8 

21 

Avg  9 

18.* 

16.2 

17.5 

21.8 

16.* 

20.2 

3.* 

18 

2.2 

1* 

2.7 

15 

Motet  All  stresses  under  static  loads  are  single  readings  except  3  readings  were  mde  for 

front  wheel  at  15  psi  oxer  6-in.  cell)  all  stresses  under  Bowing  loads  are  averages  of 
several  readings. 

Static  data  without  asterisk  were  aeasured  before  traffic.  Static  data  with  asterisk 

(*)  were  aeasured  after  several  passes. 

loads  Here  somewhat  faster  than  the  slovly  moving  loads  In  this  study. 
Also,  the  moving  wheels  in  this  study  were  driving  wheels  which  may  have 
some  effect «  Relation  between  cell  position  and  surface  roughness  also 
might  affect  aeasured  stresses.  A  re-examination  of  some  unpublished  air¬ 
field  data  that  Include  a  fev  measurements  under  moving  loads  at  speeds 
comparable  to  those  used  in  this  study  indicates  that  the  higher  dynamic 
result*  found  in  this  study  are  probably  valid. 


Comparison  of  the  Effects  of  Tire  Pressure  on  Stresses 


I 

I 


30.  The  following  table  shows  that  the  stress  induced  by  the  tire 
at  the  higher  inflation  pressure  (50  pel  for  surface  measurements,  60  pel 
for  measurements  at  other  depths)  was  consistently  higher  at  the  same 
depth  than  that  induced  by  the  tire  at  the  lower  pressure  (l>  pal) •  This 
is  to  be  expected  and  indicates  that  the  pressure  cells  were  at  least 
giving  qualitatively  correct  readings.  The  average  stress  for  the  three 
tires  at  the  higher  inflation  pressure  was  30.2  psi  greater  than  that  for 
the  lower  pressure  at  the  surface  and  4-5  psi  greater  at  6-  and  9-in. 
depths . 

31.  The  stress  under  the  15-psi  tire  was  approximately  twice  the 
inflation  pressure  at  the  surface,  and  about  equal  to  the  inflation  pres¬ 
sure  at  the  9-in.  depth.  The  higher  tire  pressure  produced  stresses 
only  about  15  per  cent  higher  than  the  inflation  pressure  at  the  surface 
(58.9-psi  stress  vs  50-psi  inflation),  and  at  the  9-in.  depth  the  meas¬ 
ured  stress  was  only  one-third  of  the  inflation  pressure. 

Effect  of  Tire  Pressure,  Wheels  Directly  over  Cells 
(Truck  speed  approximately  1  to  4  mph) 

Dif f  in  Avg 

Depth  Stress  in  pel  under  Stress  in  psi  under  50-  Stress  under 

of  15 -pal  Tire  Pressures  and  60-psi  Tire  Pressures  High  and  Low 


Cell 

in. 

Front 

Wheel 

Front 

Tdm 

Rear 

Tdm 

Avg 

Front 

Wheel 

Front 

Tdm 

Rear 

Tdm 

Avg 

Tire  Pres¬ 
sures  ,  psi 

0 

30.0 

28.0 

28.0 

28.7 

63.5* 

55.8* 

57. 5*  58.9* 

30.2* 

3 

27.6 

24.2 

25.2 

25.7 

43.4 

35.5 

43.0 

40,6 

14.9 

6 

24.1 

20.7 

23.4 

22.7 

26.6 

25.7 

28.5 

26.9 

4.2 

9 

15.7 

14.3 

15.0 

15.0 

21.8 

18.4 

20.2 

20.1 

5.1 

Note:  Compare  stresses  at  0-in.  depth  with  values  of  average  contact 
pressure  quoted  in  paragraph  11. 

*  50  psi. 


Effect  of  Passes  at  15-  and  60-psi  Tire  Pressures 


1 


32.  Changes  in  the  maximum  stress  for  c  given  cell  occurred  from 
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pass  to  pass  as  shown  on  plate  6,  but  bo  definite  trend  was  apparent. 

Zt  should  be  noted  that  the  cells  at  the  3-  and  9-in.  depth,  which  were 
In  the  same  test  section,  show  somewhat  similar  patterns.  No  explanation 
has  been  found  fbr  the  general  increase  In  stress  following  the  second 
pass  and  decrease  following  the  seventh  pass. 


Stress  Distribution  Patterns 


33*  Plate  7  shows  the  pattern  of  average  stresses  (for  3  wheels ) 

In  th^  direction  of  tire  travel  and  perpendicular  to  tire  travel.  Values 
are  plotted  at  offsets  of  0,  3,  6,  9 >  sod  12  in.  for  0-,  3-,  6-,  and  9- 

-  in.  fLepths .  The  solid  lines  represent  the  average  stresses  In  the  direc¬ 
tion  of  tire  travel,  and  the  dashed  lines  represent  those  perpendicular  to 
tire  travel.  The  plotted  points  on  the  dashed  lines  are  averages  of  all 
stresses  Measured  at  given  offsets  and  Include  stresses  measured  both 
right  and  left  of  the  line  of  tire  travel;  thus  the  dashed  lines  are  sym¬ 
metrical.  The  plotted  points  on  the  solid  lines  are  the  average  stresses 
at  given  distances  from  the  center  of  the  cells  used.  The  asymmetry  of 
the  solid  lines  of  the  plots  of  0-  and  3-in.  depths  suggests  that  the 
maximum  stress  may  not  have  occurred  at  the  center  of  the  cell.  However, 
careful  examination  of  the  records  showed  that  the  maximum  stress  oc¬ 
curred  directly  over  the  center  of  the  cell,  in  the  majority  of  cases  on 
record,  and  further  that  stresses  measured  by  the  cell  when  the  Wheel  had 
phased  it  were  nearly  always  higher  than  stresses  measured  when  the  wheel 
had  hot  yet  reached  the  cell  (for  the  same  distances).  The  few  records 
which  Indicate  occurrence  of  maximum  stress  off  center  are  believed  to 

have  beer  the  result  of  malfunctioning  equipment  or  movement  of  cells. 

»"A>:  ..  . 

This  phenomenon  will  be  studied  more  -  refully  In  future  tests  of  this 
kind.  Desuits  of  an  examination  of  records  of  stresses  at  15-pei  Infla¬ 
tion  pressure  on  cells  at  3-  and  9°ln*  depths  to  determine  the  position  of 

•  ■  j  •  ' 

maximum  stress  relative  to  the  center  of  the  cells  are  shown  In  the  fol¬ 
lowing  table. 


« 


■-•nrear  fTf 
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Wheel 

Total  Ro. 

Of  Heading* 

Ro.  Readings 
Huiaa 
Stress  at  0ell 

Ro.  Readings 
Muclaua  Stress 
Ahead  of  Cell 

Hinge  and 
Average  Distance 
Ahead.  In. 

Ro.  Heading* 
HuclM  Stress 
Behind  Oil 

Hinge  and 
Average  Distance 
Behind,  lr  . 

3 -In.  Depth 

Front 

n 

2 

1 

(1.0)  1.0 

8 

(O.k-2.6] 

1.5 

Front  tend— 

8 

k 

0 

.. 

k 

(1.0-1. 5 

1.8 

Beer  tendea 

lk 

12 

1 

(O.T)  O.T 

1 

o.( 

O.k 

Total 

33 

18 

2 

(0.7-1.0)  0.8 

13 

(o.k-2.6 

\  1.3 

9-in.  Depth 

Front 

9 

2 

2 

(0.9-1. 1)  1.0 

5 

(0.7-1.5)  1.1 

Front  tendea 

13 

10 

3 

(0. 8-1.1)  0.9 

0 

— 

Seer  tendea 

13 

6 

5 

(0. 6-1.9)  1.1 

0 

— 

Total 

35 

20 

10 

(0.6-1. 9)  1.0 

5 

(0.7-1.5)  1.1 

Effect  of  Speed 

34.  The  truck  speed  was  measured  on  each  pass,  but  because  of  dif¬ 
ficulty  in  exactly  controlling  speeds  at  low  ranges,  the  speeds  varied 
during  the  course  of  the  testing  from  about  1  to  4  mph.  An  attempt  was 
made  to  show  a  relationship  between  Bpeed  at  which  the  pass  was  made  and 
the  stressed  shown  plotted  on  plate  5  by  superimposing  the  proper  speed 
plots.  However,  no  relationships  were  found,  and  therefore  the  speed 
data  are  not  shown. 

Comcar Ison  of  Measured  and  Computed  Stresses 

35*  Computations  were  made  of  the  theoretical  stresses  at  0-,  3~t 
6-,  and  9-in«  depths  directly  under  the  center  of  each  of  the  three  truck 
wheels  for  15-  and  60-psi  tire  pressures.  The  loads  were  2800  lb  each 
for  the  front  and  front  tandem  wheels  and  3100  lb  for  the  rear  tandem 
wheel.  These  loads  are  approximate  since  suitable  scales  for  accurate 
weighing  of  individual  wheels  were  not  available.  The  contact  area  was 
measured  by  Inking  the  treads  of  the  tire  and  gently  lowering  it  to  a 
sheet  of  paper  placed  on  a  thin  steel  plate  lying  on  cmooth  level  ground. 
The  area  was  that  enclosed  by  a  line  drawn  around  the  extremities  of  the 
roughly  elliptical  pattern  of  inked  Impressions.  The  loads,  areas,  and 
average  contact  pressures  (loads  divided  by  areas)  are  shown  in  the  fol¬ 
lowing  table. 
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<  T  -J  . 


..  rv-i 

P  Wheel 

Load 

lb* 

Area 
sa  in. 

Avg  Contact 
Pressure,  pel 

Area 
sq  in. 

Avg  Contact 
Pressure,  psi 

front 

2600 

93.08 

30.08 

53-28 

52.35 

FTost  tardea 

2600 

96.10 

29.14 

54.94 

50.# 

Saar  tsaiai 

3100 

101.97 

30.40 

55.58 

55.78 

Xt  «M  tMUMd  that  the  various  alliptical  areas  were  circular  and  the 
radii  of  these  respective  circles  were  computed.  Theoretical  stresses 
directly  under  tbs  center  of  the  loads  were  computed  from  the  formula  for 
vertical  stress  on  horizontal  planet  for  uniform  circular  loads,* 


—  -  1  - 
P 


-  S 


(■ 


2  2N?/2 

*  +  rc  j 


a%  is  the  theoretical  stress  in  pel 
p  is  the  average'  contact  pressure  in  pel  (see  preceding  table) 
a  is  depth  In  in. 
r  is  radius  of  equivalent  circle. 

36.  A  comparison  of  the  measured  stresses  and  the  computed  theo¬ 


retical  stresses  is  shown  In  the  following  table. 


-depth 
m  in.  m 

Wheel 

15 -psi  Tire  Pressure 

60 -psi  Tire  Pressure 

Urn Fd 
Stress 

Comp'd 

Stress 

-P«j- 

Meas'd 

Corn'd  x  100 

Meas'd 
Stress 
_  P«i 

Comp'd 

Stress 

psi 

Meas'd  _ 

gm  "  '  1  -  X  JLUU 

Comp'd 

0 

Front 

30.0 

30.1 

100 

52.6 

Front  tda 

28.0 

29.1 

96 

— 

51.0 

Bear  tdm 

28.0 

30.4 

92 

---- 

55.8 

.  3 

Front 

27.6  • 

26.7 

103 

43.4 

41.8 

104 

Front  tdm 

24.2 

26.0 

93 

.  35.5 

40.9 

87 

Bear  tdm 

29.2 

27.3 

92 

43.0 

44.9 

96 

6 

Front 

24.1 

17.9 

135 

26.6 

23.2 

115 

Front  tdm 

20.7 

17*6 

118 

25.7 

23.O 

112 

t 

Bear  tdm 

23.4 

18.8 

124 

28.5 

25.3 

113 

9 

Front 

15.7 

11.3 

.  139 

21.8 

13.3 

164 

Front  tdm 

14.3 

11.2 

128 

18.4 

13.2 

139 

Bear  tdm 

15.0 

12.1 

124 

20.2 

14.5 

139 

*  IBS  TM  Bo.  3 -323 1  Investigations  of  Prcssurt s  and  Deflections  For 
Flexible  Pavements,  Report  Wo.  1.  Homogeneous  Clayey  Silt  Test  Section. 
March  1951* 
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It  will  be  noted  £hat  measured  stresses  vary  from  87  to  164  per  cent  of 

computed  stresses  and  that  the  agreement  la  considerably  better  at  0-  and 
*  * 

3-in.  depths  than'at  6-  and  9_in.  depths.  Further,  there  is  a  tendency 

« 

for  measured  readings  near  the  surface  to  be  somewhat  less  than  competed 
readings  while  at -6-  and  9-in.  depths  the  measured  values  vary  from  12 
to  64  per  cent  jaigheY  than  computed  values. 


PART  Yt  CONCLUSIONS  AND  RECOMMENDATIONS 


mi# 

'^r-h ^Av >&■ .  • 

> 


Conclusions 


37*  Tbs  principal  conclusion  resulting  from  this  pilot  test  study 
urements  under  dr  It  on  truck  tires  made  with  the  WES 


W« 


is  that  stress 

v earth  pressure  cell  in  a  fairly  soft  soil  appear  to  he  of  the  same  order 
’,’--of  accuracy  as  stress  measurements  that  have  been  made  under  static  loads 

’  in  firmer  soils*  The  WES  earth  pressure  cell  will  be  used,  therefore,  to 

/»  \ 

record  stresses  under  pneumatic  tires  in  future  vehicle  mobility  research. 


7* Vi 


at  least  until  such  time  as  a  more  accurate  device  becomes  available. 


38*  Examination  of  the  data  obtained  from  the  study  leads  to  the 


^folXoving  observations: 

£  ;  '  a 

-Avr  -  “ 


The  consistency  of  readings  made  with  the  WES  earth  pres¬ 
sure  cells  under  the  moving  loads  was  comparable  to  the 
consistency  of  readings  under  static  loads  in  previous 
WES  studies. 


b. 


c« 


d. 


e. 


The  spacing  of  cells  as  close  as  1  ft  to  each  other  ap¬ 
peared  to  have  no  adverse  effects  on  their  registration. 

A  comparison  of  stresses  produced  wider  slow-moving  loads 
and  static  loads  in  this  study  showed  the  former  to  be 
usually  greater. 

The  stress  induced  by  a  tire  at  a  higher  inflation  pres¬ 
sure  (50  and  60  pel)  was  consistently  greater  than  that 
of  a  tire  at  a  lover  inflation  pressure  (15  pel).  At  the 
surface  the  $0-pei  tire  produced  a  stress  30.2  pel  higher 
than  the  one  produced  by  the  15 -pel  tire.  At  6-  to  9-in. 
depths  the  difference  was  k  to  5  psi. 

Change  in  stress  occurred  from  pass  to  pass,  even  though 
rutting  was  not  significant,  but  the  trend  was  not  definite. 


f .  The  various  Stress  distribution  patterns  drawn  were  typical. 

g*  No  effect  of  speed  on  induced  stresses  was  noted  for  the 
small  range  of  speeds  used  (1  to  4  mph). 

Recommendations 


39*  Based  on  the  results  of  this  study,  it  is  recommended  that  the 
following  tests  he  performed  using  the  M3S  earth  pressure  cell* 
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a.  Additional  and  similar  tests  on  a  larger  test  section 
with  a  CBR  of  less  than  5  per  cent. 

b.  Measurements  of  stresses  with  a  larger  number  of  pres¬ 
sure  cells  placed  at  different  depths ,  offsets,  and  angles. 

c .  Measurement  of  stresses  with  the  same  vehlole  at  various 
~  loads  and  speeds. 

d.  Measurement  of  stresses  under  other  types  of  vehicles, 
including  tracked  vehicles. 

4o.  It  is  also  recommended  that  other  pressure  cell  types  be 
tested  when  they  are  available. 
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